Black hole-neutron star (BHNS) binaries are amongst promising candidates for the joint detection of electromagnetic (EM) signals with gravitational waves (GWs) and are expected to be detected in the near future. Here we study the effect of the BHNS binary parameters on the merger ejecta properties and associated EM signals. We show that the remnant disk and the unbound ejecta masses are essentially unaffected by the BH mass distribution and that they gradually increase with the BH spin magnitude and for softer NS equation of state (EoS), provided the NS disrupts outside the BH event horizon. The amount of r-process elements synthesised in BHNS mergers is estimated to be a factor of ∼ 10 2 − 10 4 smaller than BNS mergers, due to the smaller dynamical ejecta and merger rates. We estimate the EM luminosities and the light curves for the early-and late-time emissions from the ultra-relativistic jet, subrelativistic dynamical ejecta and wind, and the mildly-relativistic cocoon for typical ejecta parameters. We then evaluate the low-latency EM follow-up rates of the GW triggers in terms of the GW detection rateṄ GW for current telescope sensitivities and typical BHNS binary parameters to find that most of the EM counterparts are detectable for high BH spin, small BH mass and softer NS EoS when NS disruption is significant. Based on the relative detection rates for given binary parameters, we find the ease of EM follow-up to be: macronova ejecta afterglow > jet prompt ≈ cocoon prompt > cocoon afterglow > jet afterglow >> wind afterglow.
INTRODUCTION
In addition to being one of the most likely candidates for the progenitor of short gamma-ray bursts (sGRB; Eichler et al. 1989; Nakar 2007) , the coalescence of BNS and BHNS compact binaries are also considered to be promising sources of GWs detectable by the current generation of ground-based interferometers such as Advanced LIGO (aLIGO, LIGO Scientific Collaboration 2010), Advanced Virgo (Acernese et al. 2015) and KAGRA (Somiya 2012) . At present, six BBH and one BNS mergers have been detected and BHNS merger detections are anticipated in the upcoming aLIGO/Virgo runs at a rate of more than one per year. The observations from binaries with at least one neutron star will help us E-mail: mukul.b@utexas.edu (MB) constrain the EoS of dense nuclear matter in these compact objects (Takami et al. 2015; Clark et al. 2016) . Furthermore, the detection of accompanying EM counterparts is a potent prospect (Metzger & Berger 2012) , as it will improve source localisation and redshift estimate, and provide more information about the merger process as well as the properties of the compact binary.
Many numerical-relativity simulations of compact binary mergers have been carried out in the recent past to study the merger dynamics and properties of the ejected material as well as the post-merger remnant (Foucart et al. 2013 (Foucart et al. , 2014 Kyutoku et al. 2015; Kawaguchi et al. 2016) . The outcome of the BHNS merger critically depends on both the binary separation at tidal disruption of the NS (R td ) and the location of the innermost stable circular orbit (ISCO) of the BH (RISCO). The most important parameters that de-termine the BHNS merger dynamics and ejecta properties are the mass ratio of the binary system Kyutoku et al. 2016) , the BH spin magnitude and orientation (Pan et al. 2011; Foucart 2012) , and the EoS of the NS (Duez et al. 2010; Kyutoku et al. 2010) .
If the NS is tidally disrupted, most of the in-falling matter is accreted by the BH, however, some material remains outside for longer timescales in the form of a hot accretion disk, eccentric bound orbits (tails) and/or unbound (dynamical) ejecta around the BH. A considerable fraction of the remnant accretion disk mass can also get unbound over long timescales due to winds driven by magnetic fields (Kiuchi et al. 2015) , viscous flows (Fernandez & Metzger 2013) and/or neutrinos (Dessart et al. 2009 ). The ejected material from a BHNS merger can be classified into four different components: a sGRB jet, dynamical ejected mass, magnetic/viscous/neutrino-driven winds, and a cocoon from jet interacting with other ejecta -see Figure 1 for a schematic sketch and Table 1 for the properties of these ejecta components and their associated emission. The dynamical ejected mass is found to be much more anisotropic for BHNS mergers compared to BNS mergers with most of the matter being concentrated around the orbital plane .
The BNS merger GW170817 is the only known astrophysical source at present with both GW and multiwavelength EM radiation observations (Abbott et al. 2017a,b) . The steadily increasing afterglow luminosity observations (Margutti et al. 2018; Mooley et al. 2018 ) are better explained with a jet-cocoon system whereby a highly relativistic narrow jet propagates through a environment of denser and mildly-relativistic material (Ioka & Nakamura 2017; Lazzati et al. 2017a) , as opposed to a mildly relativistic isotropic fireball (Haggard et al. 2017 ) and/or top-hat jet seen off-axis (Alexander et al. 2017 ).
There can be several possible EM counterparts for BHNS mergers: optical-infrared (IR) transients known as macronova driven by radioactive decay of neutron-rich dynamical ejecta on timescales of t ∼ few hours − day (Li & Paczyǹski 1998; Kulkarni 2005; Metzger et al. 2010) , synchrotron radio afterglow from ejecta components decelerated by the surrounding interstellar medium (ISM) with t ∼ week − year (Nakar & Piran 2011; Metzger & Berger 2012; Piran et al. 2013) , relativistic sGRB jet prompt emission on short timescales t 1 sec (Eichler et al. 1989; Nakar 2007 ) and gamma/X-ray prompt emission from cocoon with t 1 sec (Lazzati et al. 2017a) . Even though all four ejecta components contribute to synchrotron afterglow emission directly, different ejecta component afterglows peak at different timescales and with different intensities due to their separate masses and kinetic energies (KEs) .
In this paper, we explore the dependence of BHNS merger ejecta properties and associated EM signals on the mass ratio of the binary, the magnitude of the BH spin and the unknown NS EoS. For simplicity, we will only consider the cases where BH spin is completely aligned with the orbital angular momentum and the binary orbit is of low eccentricity. We also evaluate the detection rates for low-latency EM follow-up of GW triggers restricted to the nearby universe, determined by the aLIGO sensitivity at a given frequency. The structure of this paper is as follows. In Section 2, we evaluate the dynamical/unbound ejecta mass, the disk mass and the dynamical ejecta velocity for a given BH mass and spin distribution and NS EoS. In Section 3, we calculate the horizon distance from aLIGO sensitivity to find the GW event detection rate using BHNS merger rates from population synthesis models. In Section 4, we discuss all the possible EM counterparts for BHNS mergers and further estimate their rates for EM follow-up of GW triggers in Section 5. Finally, we summarize our results in Section 6.
BHNS MERGER EJECTA PROPERTIES FROM BINARY PARAMETERS
In this section, we estimate the mass of bound ejecta (M ej,b ) along with the dynamical ejecta mass (M ej,dyn ) and velocity (v ej,dyn ) for BHNS binaries with a given BH mass (MBH ) and spin (aBH ) distributions, and NS EoS. We then perform Monte Carlo simulations with different distributions of MBH and aBH in order to find the range of BHNS binary parameters for which the disruption of NS and subsequent mass ejection is more likely. The tidal disruption of NS by a BH is facilitated by a larger NS radius (RNS), a smaller MBH and a larger aBH . The BHNS merger ejecta calculations are done for a single NS mass MNS and therefore RNS is directly related to the NS EoS (as discussed in Section 2.2). For the rest of this paper, we use units in which G = c = 1 and MBH /MNS is the Arnowitt-Deser-Misner (ADM) mass of the BH/NS at infinite separation.
Bound and dynamical ejecta mass
The outcome of any BHNS merger is two-fold: either the NS plunges directly into the BH before it can get tidally disrupted, or the tidal forces on the NS are sufficiently strong to disrupt it before reaching the RISCO of the BH. The binary parameters that essentially determine this outcome are the mass ratio of the compact objects q = MBH /MNS, the orientation and magnitude of aBH , and RNS based on the EoS of the NS. The mass of the disrupted NS present outside the BH at late times ∼ 10 ms is almost entirely determined by the relative positions of R td and RISCO. While R td ∼ RNS(MBH /MNS) 1/3 in Newtonian theory is obtained by equating the self gravity of the NS with the tidal force from the BH, the ISCO radius is given by RISCO MBH = 3+Z2−sign(aBH ) (3 − Z1)(3 + Z1 + 2 Z2) (1) Here, aBH = a/MBH is the dimensionless spin parameter of the BH. Using the numerical simulation results obtained from three different groups: Kyoto , UIUC (Etienne et al. 2009) , and the SXS collaboration (Foucart et al. 2011 , Foucart (2012) proposed a model to determine the combined mass Mej,tot of the remnant disk, the tidal tails and the unbound ejecta remaining outside the Figure 1 . A schematic diagram for the various ejecta components from BHNS mergers: ultra-relativistic sGRB jet, mildly relativistic cocoon, and sub-relativistic dynamical ejecta and magnetic/viscous/neutrino-driven winds. The early time emissions are (optical/IR) macronova, (gamma/X-ray) sGRB jet prompt and (gamma/X-ray) cocoon prompt while the interaction of the ejecta components with the ambient ISM results in the late time radio and optical afterglows from the dynamical ejecta, jet, wind and cocoon.
BH t ∼ 10 ms after the merger has occurred,
(2) where CNS = MNS/RNS is the NS compactness parameter and M b,N S is the baryon mass of the NS. The NS mass is fixed to be MNS = 1.35 M whereas M b,N S depends on the EoS considered for the NS (see Section 2.2). Kawaguchi et al. (2016) used the numerical relativity simulation results of the Kyoto group (Kawaguchi et al. 2015; to extend the formalism developed by Foucart (2012) , and determine the mass and average velocity of the dynamical ejecta from BHNS mergers with the least-squares fit
Here, M ej,dyn is also estimated ∼ 10 ms after the merger and does not include the possible ejecta component from the remnant BH accretion disk. The mass of the bound ejecta component (in the remnant disk and tidal tails) is calculated as, M ej,b = Mej,tot − M ej,dyn . In general, the majority of the bound ejecta mass is contained in the accretion disk (M disk ≈ M ej,b ). It should also be noted that these estimates are limited to low-eccentricity BHNS binary orbits for BH spins aligned with the orbital angular momentum and in the range of parameters: MBH = 3 − 7 MNS, aBH = 0 − 0.9, and CNS = 0.13 − 0.18 (RNS = 11 − 16 km).
From equations 2 and 3, the ejecta masses Mej,tot and M ej,dyn are both larger for a smaller MBH , a larger aBH and a softer NS EoS (smaller CNS), which is expected from the physics of tidal disruption. While a smaller MBH means a larger tidal force from the BH on the infalling NS between R td and RISCO resulting in a larger NS disruption, the increase in aBH reduces RISCO -thereby causing a larger amount of NS matter to be stripped. For a softer NS EoS, the increase in NS tidal deformability is expected to give off larger ejecta material during its disruption.
The ratio of the r-process elements synthesised from BHNS mergers to BNS mergers is approximately the product of the relative ratios of the dynamical ejecta produced and the merger rate. While M ej,dyn ∼ 10 −4 − 10 −3 M for BHNS mergers (Kawaguchi et al. 2016 ) is about an order of magnitude smaller than that for typical BNS merger events such as GW170817 (Abbott et al. 2017c) , the relative merger rate RBHNS/RBNS is a fairly uncertain quantity and ranges from ∼ 10 −3 to ∼ 10 −1 with a most probable value of ∼ 10 −2 (Abadie et al. 2010) . Therefore, BHNS mergers are expected to synthesise only about 0.01-1% of the r-process elements found in the universe.
Monte Carlo simulations for given binary parameters
Here, we consider different sets of binary parameters in order to estimate the ejecta properties for typical BHNS mergers.
We perform Monte Carlo simulations for mergers with a given NS EoS as well as MBH and aBH distributions to estimate the ejecta masses Mej,tot and M ej,b ≈ M disk . The BHNS binary parameters for these simulations are specified below:
• BH mass distribution: We consider three different distributions for MBH .
(i) Gaussian: The dynamical measurements of mass for BHs in transient low-mass X-ray binaries (LMXBs; were compiled by Ozel et al. (2010) to infer their parent MBH distribution. While most of the BH masses were clustered within ∼ 6 − 10 M , there were no observed BHs with MBH ∼ 2 − 5 M . The narrow mass distribution of the 16 observed BHs used in their sample was found to be consistent with a Gaussian at (7.8 ± 1.2) M .
(ii) Power-law: Farr et al. (2011) obtained a best fit powerlaw distribution with the same data as Ozel et al. (2010) for BHs in LMXBs,
This power-law distribution with a lower-end cut-off of MBH = 6.1 M accounts for the paucity of BHs within the mass range ∼ 2 − 5 M .
(iii) Exponential: The BH masses in transient LMXBs have also been modelled using an exponentially decaying distribution with a sharp cut-off (Ozel et al. 2010; Steiner et al. 2012) ,
where Mc = 6.30 M and M scale = 1.57 M . This parametric mass distribution is motivated by the mass distributions of pre-SNe stars as well as the energetics of SNe explosions.
• BH spin distribution: The magnitude of the BH spin in a BHNS binary can be modified by mass transfer via accretion from its NS companion either through an accretion disk or a common-envelope phase (O Shaughnessy et al. 2008) . A significant fraction of the intrinsic BH spin is expected to be attained during its formation via the collapse of the progenitor star. At later times, the BH can further spin-up due to repeated accretion episodes. At present, we do not have any direct observations of the BH spin which makes it very difficult to confidently constrain the BH spins in merging BHNS systems. Estimates of aBH from quasi-periodic oscillations and/or iron line profiles are largely dependent on how the disk accretion is modelled for XRBs (Reynolds et al. 1999; Miller et al. 2004; Narayan 2005; O Shaughnessy et al. 2005; Torok et al. 2005) and can vary within a large range based on the assumptions used. Due to these uncertainties in the determination of aBH , here we only consider two simplistic distributions for the BH spin: (a) aBH = Uniform(0, 0.9), and (b) aBH = A, where 0 A 0.9 is a constant. Note that the upper limit of aBH = 0.9 is assumed as the ejecta mass estimate fits are only valid up to that spin magnitude.
• NS equation of state: Along with the mass and spin magnitude of the BH, the size of the NS specified by its EoS plays an important role in determining the amount of matter ejected in any BHNS merger event. The disruption of NS by BH results in larger ejected mass for a softer NS EoS i.e. larger NS radius. The NS parameters M b,N S , RNS and CNS = MNS/RNS are closely associated with the NS EoS adopted. In this work, we consider two piecewise polytropic EoSs (Read et al. 2009 ) that are commonly used in the numerical-relativity simulations. Figure 2 shows the effect of MBH distribution on M disk and M ej,dyn for aBH = 0.9 and APR4/H4 NS EoS. For APR4 EoS, we find that M disk ∼ 0 − 2.5 × 10 −1 M with similar mean mass ∼ 1.6 × 10 −1 M for all MBH distributions. The dispersion in M disk is larger in case of exponential distribution (∼ 5.2 × 10 −2 M ) as compared to gaussian and power-law distributions (∼ 4.4 × 10 −2 M ). In case of H4 EoS, M disk ∼ 4.0 × 10 −2 − 3.3 × 10 −1 M with mean mass ∼ 2.5 × 10 −1 M for all MBH distributions. The dispersion in M disk is in the order: power-law (4.3 × 10 −2 M ) > exponential (3.9 × 10 −2 M ) > gaussian (3.1 × 10 −2 M ). For APR4 EoS, the dynamical ejecta mass M ej,dyn lies in the range ∼ 0 − 2.6 × 10 −2 M with mean mass ∼ 2.3 × 10 −2 M for all MBH distributions. The mass dispersion for gaussian (3.9×10 −3 M ) and power-law (4.8×10 −3 M ) MBH distributions are considerably smaller than exponential distribution (6.6×10 −3 M ). For softer H4 NS EoS, M ej,dyn ∼ 3.8 × 10 −2 − 8.6 × 10 −2 M with equal mean mass ∼ 8.2 × 10 −2 M for all three distributions. The M ej,dyn dispersion for power-law (5.4 × 10 −3 M ) is larger compared to gaussian and exponential (3.5 × 10 −3 M ) distributions. As expected, the mean masses for both M disk and M ej,dyn are smaller for the harder APR4 NS EoS compared to the softer H4 NS EoS and are unaffected by the choice of the MBH distribution. The mass dispersion for M disk and M ej,dyn are relatively unaffected by the NS EoS. Figure 3 shows the range ∼ 0 − 2.7 × 10 −1 M while the mean mass for aBH = 0.75 (∼ 2.0 × 10 −2 M ) is smaller compared to that for aBH = 0.9 and aBH = Unif(0, 0.9) (1.5 × 10 −1 M ). The M disk dispersion is the same ∼ 3.8 × 10
−2 M for all three aBH distributions. For softer H4 NS EoS, M disk ∼ 0 − 3.4 × 10 −1 M with mean mass in the order: aBH = 0.9 (2.6 × 10
−2 M ). The dispersion in M disk for aBH = Unif(0, 0.9) (6.9 × 10 −2 M ) is larger than that of aBH = 0.75 (4.4 × 10 −2 M ) and aBH = 0.9 (3.0×10 −2 M ). The M ej,dyn for APR4 EoS lies in the range ∼ 0−2.6×10 −2 M with mean M ej,dyn in the order:
The mass dispersion also depends on the aBH distribution with: aBH = Unif(0, 0.9) (5.8×10
−2 M and mean M ej,dyn for aBH = 0.9 (8.3 × 10 −2 M ) is larger than that for aBH = 0.75 (5.4 × 10 −2 M ) and aBH = Unif(0, 0.9) (1.6 × 10 −2 M ). The M ej,dyn dispersion is in the order: aBH = Unif(0, 0.9) (2.5 × 10 −2 M ) > aBH = 0.75 (4.6 × 10 −3 M ) > aBH = 0.9 (3.6 × 10 −3 M ). The mean masses for both M disk and M ej,dyn increase with the BH spin whereas the corresponding mass dispersions decrease with aBH magnitude. This is expected as a larger aBH results in more NS disruption and thereby larger M disk and M ej,dyn values. Similar to the varying MBH distribution case, the mean masses for M disk and M ej,dyn are smaller for APR4 EoS compared to H4 EoS while the mass dispersions are unaffected by the choice of NS EoS in general.
GW EVENT DETECTION RATE FROM LIGO SENSITIVITY
In this section, we first calculate the detection horizon distance (D hor ) for GW observations based on the aLIGO strain sensitivity curve and signal-to-noise ratio (SNR). We further evaluate the event detection rate of BHNS mergers within the observable volume using the plausible estimates for the BHNS coalescence rates from population synthesis models. The design strain sensitivity of the initial LIGO detectors were improved by a factor of ∼ 10 for aLIGO in the entire operating frequency range ∼ 10 Hz − 10 kHz (LIGO Scientific Collaboration 2010), thereby increasing the observable volume of the universe significantly by ∼ 1000 times for the first observing run (O1) in September 2015. The source orientation-and sky location-averaged range for observing a binary coalescence event with aLIGO design sensitivity and at a SNR of 8 will be: ∼ 300 Mpc for ∼ 1.4 M BNS inspirals, ∼ 650 Mpc for ∼ 1.4 M − 8 M BHNS inspirals and ∼ 1.6 Gpc for ∼ 10 M BBH inspirals.
Here we consider a well-separated BHNS binary with point mass constituents moving in a circular orbit to estimate the GW strain amplitude at a distance r from the source. Even though the orbit of the BHNS system is elliptical initially, it can be shown that it gets quickly circularised due to GW emission (Peters 1964) . The lowest order quadrupolar contribution gives the GW strain amplitude (Postnov & Yungelson 2014 )
where,
tot is the chirp mass, µ red = µ red,M × M is the reduced mass, Mtot = Mtot,M × M is the total mass of the binary, fGW = fGW,Hz × 1 Hz = (1/π) GMtot/a 3 is the GW frequency that is twice of the orbital frequency, a is the orbital separation and rMpc = r/(1 Mpc). The GW frequency is maximum, fGW,max ∼ fISCO = (1/π) GMtot/R 3 ISCO , at a = RISCO. It should be noted that we have excluded geometrical factors of order unity in the expression of hGW and equation (7) corresponds to the case where the observer line-of-sight is along the orbital angular momentum axis of the binary.
We use the aLIGO design sensitivity curve (LIGO Scientific Collaboration 2010), to estimate the GW strain amplitude spectral density (ASD) as a function of detection frequency. As aLIGO is expected to reach its design sensitivity (lowest achievable noise level with current detector capabilities) by 2019, we fit the design strain ASD in the entire detector frequency range f ∼ 10 Hz − 10 kHz to obtain
which is better by a factor of ∼ 3 − 4 in the most sensitive frequency band ∼ 100−300 Hz compared to the aLIGO sensitivity during the detection of GW170814. In equation (8), Sn(f ) is the strain power spectral density (PSD) of the interferometer. The noise level of the interferometer is mainly determined by the thermal noise and quantum noise.
The SNR ρ for a matched-filter search is determined by the strain PSD Sn(f ), Fourier transform of the GW strain amplitudeh(f ) and fISCO,
The Fourier transform of the GW strain amplitude is (Abadie et al. 2010 )
with D being the luminosity distance to the source. The detection horizon distance is the maximum distance at which a GW source can be detected with ρ = 8,
Substituting ρ = 8 and the expression for Sn(f ) from equation (8) gives
where
The expression for D hor is derived assuming that the GW source is at a small redshift z.
The detection rateṄGW for a binary system is given by the product of the binary coalescence rate RV and the detector's horizon volume V hor ,ṄGW = RV × V hor = RV × (4/3)πD 3 hor . While the upper limit for BNS coalescence rates is determined by the luminosity distribution of the observed binary pulsars in the Milky Way (Kalogera et al. 2004) , it is much more difficult to estimate the BHNS/BBH coalescence rates due to the paucity of observations. The BHNS coalescence rates are based on relatively poorly constrained population synthesis models. The plausible BHNS coalescence rates range from R V,low ∼ 5.80 × 10
to R V,high ∼ 1.16 Mpc −3 Myr −1 with a most probable esti- Shaughnessy et al. 2008; Abadie et al. 2010) . For large distances D hor 30 Mpc, the GW detection rate from BHNS sources can then be written as (Abadie et al. 2010 )
where, RV,0 = RV /RV,mp, D hor,2 = D hor /(100 Mpc) and the (2.26) −3 factor is included to account for the average over all source orientations and sky locations (Finn & Chernoff 1993) . For typical BHNS binaries containing 1.4 M NS and 7.8 M BH with D hor ∼ 650 Mpc, the most likely GW detection rate with aLIGO design sensitivity iṡ NGW (RV,mp) ∼ 3.46 year −1 . Equation (13) is obtained for a Milky Way type galaxy and by assuming that RV is independent of the redshift for distances D D hor ∼ 650 Mpc. Depending on the value of RV ,ṄGW can vary by almost three orders of magnitude fromṄ GW,low ∼ 5.77 × 10 −2 year −1 tȯ N GW,high ∼ 1.16 × 10 2 year −1 . Figure 4 shows the effect of MBH and aBH distributions on the GW event detection rateṄGW for APR4 and H4 NS EoS. For APR4 EoS and aBH = 0.9, the event rateṄGW ∼ 2.458 − 8.697 year −1 with a mean rate ∼ 3.90 year −1 and dispersion ∼ 0.80 year −1 for all three MBH distributions. In the case of H4 NS EoS and aBH = 0.9,ṄGW ∼ 2.128 − 8.840 year −1 with a mean rate ∼ 3.95 year −1 and rate dispersion ∼ 0.85 year
for all MBH distributions. We find that the event ratė NGW ∼ 1.961 − 5.631 year −1 for APR4 EoS and gaussian MBH , with a mean rate ∼ 4.0 year −1 and dispersion ∼ 0.65 year −1 irrespective of the aBH distribution. For H4 EoS and gaussian MBH ,ṄGW ∼ 1.927 − 5.654 year −1 with mean rate ∼ 3.95 year −1 and dispersion ∼ 0.65 year −1 for all aBH distributions. The meanṄGW ∼ 4.0 year −1 is fairly independent of the MBH and/or aBH distribution considered while theṄGW dispersion is slightly larger for varying MBH (∼ 0.85 year −1 ) compared to the varying aBH (∼ 0.65 year −1 ) case. The NS EoS has no appreciable effect on either the meanṄGW or its dispersion.
EM SIGNALS ASSOCIATED WITH BHNS MERGERS
In Section 2, we estimated the bound disk mass M disk and the dynamical ejecta mass (velocity) M ej,dyn (v ej,dyn ) for BHNS coalescence events with a given set of binary parameters. While most of the disrupted NS mass remaining outside BH at longer timescales is contained in the remnant accretion disk, a significant fraction is present in the ejecta surrounding the remnant BH. The different ejecta components can be distinguished based on their masses and KEs: an ultra-relativistic sGRB jet, mildly relativistic cocoon, and sub-relativistic dynamical ejecta and magnetic/viscous/neutrino-driven winds. These ejecta components are also directly associated with the EM counterparts of the BHNS merger events. Figure 1 shows the approximate geometrical distribution of the ejecta components and their associated early-and late-time EM emission in various observing bands. In the following, we briefly discuss the major possible EM counterparts accompanying GW signals from BHNS mergers.
Macronova
Macronova are thermal transients from dynamical ejecta powered by the radioactive decay of unstable r-process elements via beta-decay and fission. This radiation is emitted by the adiabatically expanding ejecta on timescales of ∼ few days − month and is typically peaked in the optical/IR bands. The photons escape the bulk and contribute significantly to the EM luminosity only when the density decreases sufficiently such that the photon diffusion timescale matches the expansion timescale. The dynamical ejecta from BHNS mergers is expected to be considerably anisotropic from numerical relativity simulations and is characterised by the opening angle in the equatorial (meridional) plane φ ej,dyn (θ ej,dyn ). The dynamical ejecta sweeps out about half of the equatorial plane with φ ej,dyn ≈ π and is mainly concentrated around the equatorial plane with θ ej,dyn ≈ 10 • − 20
• . Kyutoku et al. (2013) approximated the anisotropic ejecta geometry using an axisymmetric cylinder with radial/z-direction velocity v || /v ⊥ . The peak time for the emission is determined by photons escaping the ejecta along the z-direction due to shorter distance
where κ = κ1 × 10 cm 2 g −1 is the opacity with Figure 5 . Effect of binary parameters (M BH , a BH and NS EoS) on the EM counterpart L peak and t peak values: Simulation results for two BHNS binaries with fixed M BH , a BH and NS EoS distributions. Left panel: Less NS disruption for R N S = 11.1 km (APR4 NS EoS), M BH = 8.2 M and a BH = 0.8, Right panel: More NS disruption for R N S = 13.6 km (H4 NS EoS), M BH = 7.4 M and a BH = 0.9. Blue and green symbols in both panels denote radio and optical afterglow components, respectively. The black dashed lines show the power-law fits for the canonical temporal evolution of the luminosity for each counterpart and the symbols represent their peak quantities. The representative bolometric band sensitivities are as listed in Table 2 : gamma/X-ray ν obs = 10 20 Hz, optical/IR ν obs = 5 × 10 14 Hz and radio ν obs = 10 9 Hz.
10 -2 10 -1 10 0 10 1 10 2 10 3 10 4 10 5 10 6 10 7 10 8 10 9 t (s) θ dyn,0 = θ ej,dyn /0.2 and φ dyn,0 = φ ej,dyn /π being shorthand notations for ejecta parameters. The peak luminosity is estimated using the radioactive heating rate,
with an effective peak temperature
where f = f−6 × 10 −6 is the fractional ejecta energy radiated in time t peak . The temporal evolution of the macronova optical/IR luminosity is expected to be ∝ (t/t peak ) −1.3 that is the same as the energy injection rate from the radioactive decay of the unstable r-process elements (Metzger et al. 2010; Tanaka & Hotokezaka 2013) .
Due to the anisotropic distribution of ejecta for BHNS mergers, the macronova emission peaks with larger luminosity L peak and at smaller t peak compared to the isotropic dynamical ejecta (θ ej,dyn ≈ π/2 and φ ej,dyn ≈ 2π) from BNS mergers for a similar M ej,dyn . However, as M ej,dyn for BNS mergers is expected to be larger by a factor of ∼ 10, the macronova emission L peak from BNS mergers will be about ∼ 1.5 times larger even after including the geometrical factors. The heating efficiency f depends on the electron fraction in the ejecta that is highly uncertain (Wanajo et al. 2014) . In this study, we consider an effective value of (Metzger et al. 2010) . Similarly, the opacity κ is also very uncertain due to our limited knowledge of the bound-bound transition line features of r-process elements (Kasen et al. 2013 ) and we will hereby assume a fiducial value of κ = 10 cm 2 g −1 .
Synchrotron afterglow
As the energetic ejecta launched from BHNS mergers expands outwards, it interacts with the surrounding ISM and its KE gets converted into the internal energy of a propagating shock. A significant portion of this energy is transferred to the electrons that are collected from the ambient ISM. Synchrotron afterglow radiation is then emitted by these accelerated non-thermal electrons in the presence of B on timescales of ∼ few weeks − year, and is detectable in radio and (possibly) optical bands. While all ejecta components (sGRB jet, dynamical ejecta, magnetic/viscous/neutrinodriven winds and cocoon) contribute to this emission, different components have different L peak and t peak due to their distinct masses, KEs and geometrical distributions (Hotokezaka & Piran 2015) . It should be noted that the ultrarelativistic jet, mildly-relativistic cocoon and sub-relativistic dynamical ejecta are spherically asymmetric while the subrelativistic wind ejecta component is spherically symmetric. Here we assume that the dynamical ejecta/jet velocity v ej,dyn /vjet is practically unchanged until t ∼ t peak resulting in fixed ejecta/jet geometry.
Most of the synchrotron emission is radiated once the ejecta decelerates considerably by accumulating a mass comparable to its own at a radius R dec,s = (3Mej/4πmpn) . Here Mej = Mej,0.03 × 0.03M is the spherically symmetric equivalent of ejecta mass, mp is the proton mass and n = n0 × 1 cm −3 is the constant density of the ambient ISM. The value of n can vary by orders of magnitude based on the location of the BHNS coalescence in the host galaxy and here we assume an average density n ≈ 1 cm −3 similar to the Galactic disk where most of the BNS systems have been observed. While the ejecta expands at a constant velocity vej upto R = R dec,s , it decelerates at larger radius according to the Sedov-Taylor solution, vej(R/R dec,s ) −3/2 . The deceleration time for spherical ejecta is then given by
where Γej = Γej,0 × 1.0 is the Lorentz factor of the ejecta component. For the anisotropic ejecta components ej,0 and the deceleration time is (Kyutoku et al. 2013 )
(18) where we have used the relation v || ≈ vej. The peak emission time t peak ∼ t dec for synchrotron afterglow varies within a significant range based on the properties of the ejecta components: ∼ few days-week for the ultra-relativistic jet, ∼ few weeks-month for mildly relativistic cocoon, ∼ few yearsdecade for sub-relativistic dynamical ejecta and winds.
A considerable fraction e/ B of the post-shock internal energy is transferred to the non-thermal electrons/magnetic fields. The ejecta geometry does not influence either the magnitude of B or the energy distribution of the nonthermal electrons. The distribution of Lorentz factor γe of the accelerated electrons is expected to be a power-law, dNe/dγe ∝ γ The radio spectrum for synchrotron emission is characterised by the frequency of electrons νmin with Lorentz factor γe,min and the self-absorption frequency νa. The frequency and specific flux in the absence of self-absorption corresponding to γe,min are νmin = (3.6 × 10 6 Hz) p − 2 p − 1 typical blast waves with νmin < νa < νc, the synchrotron spectrum at a given time is
For most sensitive radio (optical) observations, νa ν < νc (ν νc), and the peak specific flux/luminosity F ν,peak /L peak are computed using the respective Fν expressions from equation (22). Flux Fν across the whole spectrum increases for t < t dec and peaks at t = t dec for typical radio/optical observing frequencies ν obsr/o > νa(t dec ), νmin(t dec ). The peak of the observed radio/optical The peak radio/optical luminosity L peakr/o is then estimated from the peak specific flux Fν obsr/o as L peakr/o = 4πD 2 (ν obsr/o Fν obsr/o ).
As νa(t dec ), νmin(t dec ) < ν obsr/o , the synchrotron radio/optical afterglow luminosity for the sub-relativistic dynamical ejecta and wind increases as ∝ (t/t peak ) 3 until t ≈ t peak and subsequently falls off as ∝ (t/t peak ) −(15p−21)/10 ∝ t −1.65 at later times (Piran et al. 2013 ). For the ultrarelativistic jet, the afterglow luminosity increases as ∝ (t/t peak ) 3 before t = t peak and then drops as ∝ (t/t peak ) −1 for t t peak (Kumar & Zhang 2015) , whereas for the mildly-relativistic cocoon, the afterglow luminosity increases as ∝ (t/t peak ) 3 for t t peak and drops beyond t ∼ t peak as ∝ (t/t peak ) −1.5 (Rezzolla & Kumar 2015; Lyman et al. 2018 ). The synchrotron radio afterglow peak luminosity from the dynamical ejecta for BHNS mergers will be about an order of magnitude smaller compared to BNS mergers due to the smaller dynamical ejecta mass for the former (see equation 23).
sGRB prompt
One of the most widely studied EM counterparts of BHNS mergers are short duration (< 2 s), highly-relativistic collimated outflows, otherwise known as sGRBs. These energetic jets are primarily powered by the gravitational and/or rotational energy of the central compact remnant via accretion. The burst duration for emission in gamma/X-ray bands from sGRB jets is determined by the characteristic viscous timescale for accretion of remnant disk/torus onto the BH and is given by (Fernandez et al. 2015 )
where R = R2 × 100 km is the radial extent of the torus in which most of its mass and angular momentum is concentrated, νa = αcsH is the disk viscosity due to turbulence, α = α0.03 × 0.03 is the disk viscosity parameter, cs is the sound speed in the medium, MBH = MBH,0 × 8M and H ≈ cs(GMBH /R 3 ) 1/2 ∼ R is the vertical scale-height of the disk. The isotropic energy output of sGRB jets is Ejet,iso = jetMdisk c 2 = (10 51 erg) jet,−2Mdisk,−1
where, jet = jet,−2 × 10 −2 is the jet energy conversion efficiency factor and M disk,−1 = M disk /0.1 M . The jet energy is closely associated with the remnant torus mass M disk which itself is determined by the BHNS binary properties such as MBH , aBH and NS EoS (see Section 2). As the jet is highly-relativistic, the observed sGRB energy is obtained by including the relativistic beaming factor: Ejet = Ejet,iso×(1/2)(1−cosθjet) = (1/4)θ 2 jet Ejet,iso, where θjet is the jet-opening angle. The peak luminosity for sGRB prompt emission is then given by
where, all the jet and disk parameters except θjet are normalised to their typical values. While the sGRB prompt gamma/X-ray luminosity is roughly constant for t min, it is expected to reduce considerably as ∝ (t/min) −3 at later times and until t ∼ 10 2 s (Kumar & Zhang 2015).
Cocoon prompt
The observed increase of the afterglow luminosity with time for GW170817 can be robustly explained with a structured jet including cocoon (Lazzati et al. 2017a ).
The interaction of the lighter outgoing ultra-relativistic sGRB jet with the denser material ejected previously (magnetic/viscous/neutrino-driven wind from the disk and/or dynamical ejecta) along the rotation axis of the remnant BH generates a hot mildly-relativistic cocoon surrounding the jet. The cocoon expands approximately spherically after breaking out from the ejecta surface and produces prompt emission in gamma/X-ray bands with energy Ec ∼ Ejet,iso.
The cocoon energy is written in terms of the jet luminosity Ljet and the time tp that the jet needs to propagate across the denser ejecta as Ec = Ljettp. As the jet head traverses a distance Ra with velocity β jh in time tp, Ec = LjetRa/(cβ jh ). The jet head velocity β jh is estimated by assuming that the lateral width of the cocoon can be determined by balancing the pressure of the cocoon at equilibrium with the ram pressure of the jet (Matzner 2003 and θjet ∼ 16
• (Lazzati et al. 2017b ).
After breaking out from the surrounding ejecta, the cocoon fireball accelerates outwards adiabatically until it attains a saturation Lorentz factor Γc at radial distance Rsat and finally releases the advected radiation at the photosphere with radius ( 
where Ec,49 = Ec/10 49 erg and Γc,1 = Γc/10. As the cocoon fireball cools adiabatically, its temperature drops as Tc = Tin,c(Rc/Rsat) −2/3 ≈ 10 keV for typical parameters (Lazzati et al. 2017b) , where Tin,c is the initial cocoon temperature. The peak cocoon prompt luminosity can then be written assuming a blackbody spectrum and including the cocoon relativistic beaming factor 
where Ra,8 = Ra/10 8 cm and θc is the cocoon-opening angle. For the typical jet and cocoon parameters, the prompt emission lasts for the angular timescale tang given by t peak ∼ tang ≈ (0.14 s)Rc,0Γ where Rc,0 = Rc/4.2 × 10 11 cm. The gamma/X-ray luminosity for the prompt emission from the mildly-relativistic cocoon is expected to be approximately constant until t ∼ few min and then fall off at later times as ∝ (t/min) −1 (Lazzati et al. 2017b).
As the relativistic jet propagates through the ejecta, the surrounding material forms a cocoon that accelerates outwards adiabatically and with mildly-relativistic velocities. For a jet with given opening angle, the condition for a cocoon to develop but not overcome the jet is (Matzner 2003) • and thereby two possible outcomes: (1) a jet with wide opening angle θjet 30
• that cannot overcome the cocoon fireball and gets choked, (2) a narrow opening angle jet with θjet 30
• that can penetrate the surrounding ejecta to look like an on-axis sGRB. While the cocoon geometry is still somewhat uncertain, the cocoon-opening angle is expected to be directly correlated with the jet-opening angle. We discuss the effect of jet-and cocoon-opening angles on their corresponding EM counterpart L peak and t peak along with the detection rate in the next section.
EM FOLLOW-UP OF GW TRIGGERS
In the previous section, we discussed the EM signals associated with GW emission from BHNS mergers. Here we estimate the detection rates corresponding to each of those EM counterparts for low-latency follow-up of GW triggers. In addition to enhancing the confidence on the astrophysical origin of the GW signal, the detection of EM counterparts aids precise source localization, redshift estimation and further provides information about the jet and the ejecta physics. The EM localization for a GW event via follow-up also makes it considerably easier to search for the transient in a relatively smaller sky area as compared to blind surveys across large sky areas.
Event rates for EM counterparts
For a given EM counterpart with peak luminosity L peak , the maximum distance at which it can be detected using a telescope/survey with bolometric flux detection threshold S th in a given observing band is Dmax = L peak /4πS th . The S th values for some of the current gamma/X-ray, optical and radio surveys that can be possibly used to observe the EM signals accompanying BHNS GW triggers are listed in Table 2 . The detection rate for the EM follow-up of BHNS GW events can then be written similarly to equation (13) aṡ
where DEM = min(D hor , Dmax) and D2 = D/(100 Mpc). For obtaining equation (31), we have assumed that the BHNS coalescence rate RV is broadly independent of the distance which is expected for relatively small distances, DEM D hor ∼ 650 Mpc.
From here on, we use the following short-hand notations for denoting the EM counterparts: i = A for macronova, B1/2/3/4 for afterglow emission from dynamical ejecta/sGRB jet/wind/cocoon and C/D for sGRB/cocoon prompt emission. We denote the radio/optical synchrotron afterglow emission with the subscript r/o, and estimate the masses of all the ejecta components in terms of M disk and M ej,dyn (see Section 2). In the following, we evaluate the EM follow-up rates for each counterpart from their respective L peak,i values:
• Macronova optical/IR follow-up: The quasi-thermal emission from the decay of unstable rprocess elements in the dynamical ejecta peaks in the optical/IR bands and with t peak ∼ day − week. For typical dynamical ejecta parameters: κ ∼ 10 cm 2 g −1 , θ ej,dyn ∼ 0.1745 (10 • ), φ ej,dyn ∼ π and f ∼ 3 × 10 −6 , the peak emission time and luminosity can be written using equations (14) and (15) where S th,A ∼ 10 −15 −10 −13 Jy Hz is the typical bolometric sensitivity in optical/IR bands (see Table 2 ).
• Synchrotron afterglow radio/optical follow-up: The interaction of the outgoing merger ejecta with the ambient ISM results in synchrotron afterglow emission in both radio and optical bands. The t peak and L peak values for the afterglow emission from a particular ejecta component criti- Fender et al. (2006) cally depends on its mass and velocity along with the geometry (see Table 1 ). Here we estimate the radio emission detection rates for each ejecta component: ultra-relativistic jet, mildly relativistic cocoon, sub-relativistic dynamical ejecta and winds (see Appendix for optical emission detection rates). We assume n = 1 cm −3 , e = B = 0.1, p = 2.5 and ν obsr = 1 GHz for each ejecta component.
-Dynamical ejecta:
The peak time and luminosity for the radio afterglow emission from the anisotropic sub-relativistic dynamical ejecta with θ ej,dyn ∼ 0.1745 and φ ej,dyn ∼ π are obtained from equations (18) 
where ν obsr,GHz = ν obsr /(1 GHz). The radio follow-up rate for ν obsr,GHz = 1 iṡ
where S th,Br ∼ 10 −21 − 10 −18 Jy Hz is the typical bolometric sensitivity in the radio band (see Table 2 ).
-sGRB jet: The mass of the ultra-relativistic jet can be written as Mjet = ηjetM disk , where ηjet is the fraction of the remnant accretion disk mass contributing to the jet kinetic energy. As the jet propagates outwards with highly relativistic velocities vjet ≈ c, the emission is significantly anisotropic with θjet = 1/Γjet and φjet = 2π. For typical jet Lorentz factors Γjet ∼ 10, the jet radio afterglow t peak and L peak are obtained from equations (18) and (23) t peak,B2 = (15.23 hour)η
where ηjet,−4 = ηjet/10 −4 , M disk,−2 = M disk /0.01 M and Γjet,1 = Γjet/10. The detection rate in radio band at frequency ν obsr,GHz = 1 is theṅ
After the BHNS merger event occurs and the remnant accretion disk is formed, a significant fraction of the disk mass can become unbound due to the magnetic field/viscous flow/neutrino-driven winds. The ejecta wind component is spherically symmetric and has a mass M wind = η wind M disk , where η wind is the fraction of the disk mass that gets unbound and contributes to the afterglow emission. As the wind is sub-relativistic with velocity v wind ≈ 0.07c (Hotokezaka & Piran 2015) , the radio afterglow peak quantities can be written using equations (17) and (23) 
where η wind,−3 = η wind /10 −3
and v wind,0.07 = v wind /0.07c. At ν obsr = 1 GHz, the radio follow-up rate at ν obsr = 1 GHz iṡ The wind afterglow follow-up detection rate in radio band is significantly smaller compared to the other ejecta components for typical ejecta parameters and telescope sensitivities, thereby making it very challenging to be detected.
-Cocoon: A mildly-relativistic anisotropic cocoon is generated by the interaction of the outgoing ultra-relativistic jet with the previously ejected material -dynamical ejecta and/or unbound disk mass due to magnetic field/viscous flow/neutrino-driven winds. The cocoon mass can be writ-
is the contribution to the cocoon mass from the dynamical ejecta/disk wind component. The relative contributions from the dynamical ejecta and the wind components depends on the jet-launching time delay t jet,d from the merger event. The ratio η disk /η dyn ∝ t jet,d as the subrelativistic winds progressively drive more unbound material from the disk towards the existing ejecta material along the BH rotation axis. In the following, we consider the simple case of η disk /η dyn ∼ 0.1. The cocoon Lorentz factor Γcoc is expected to be directly correlated with Γjet and here we assume a typical value of Γcoc ∼ (1/3)Γjet. For Γjet ∼ 10 − 30 (see Table 1 ), Γjet ∼ 3 − 10 with a cocoon velocity vcoc ≈ c. The emission from the relativistic cocoon is anisotropic with θcoc = 1/Γcoc = 3θjet and φcoc = 2π. The t peak and L peak values for the cocoon radio afterglow are written using equations (18) and (23) as
where η dyn,−2 = η dyn /10 −2 and η disk,−3 = η disk /10 −3 . The cocoon radio afterglow detection rate at ν obsr = 1 GHz iṡ
• sGRB prompt gamma/X-ray follow-up: The short-duration prompt emission from the ultrarelativistic sGRB jet peaks in the gamma/X-ray bands and on viscous timescales t peak,C ∼ 0.19 s, for characteristic accretion disk parameters: α ∼ 0.03, R ∼ 100 km, MBH ∼ 8 M and H ∼ R ≈ 100 km (see equation 25). The peak emission luminosity for a jet-opening angle θjet = 1/Γjet ≈ 0.1 can be written using equation (26) as
where jet,−3 = jet/10 −3 . The follow-up rate in gamma/Xray bands iṡ
where S th,C ∼ 10 −8 − 10 −6 Jy Hz is the typical bolometric sensitivity in gamma/X-ray bands (see Table 2 ).
• Cocoon prompt gamma/X-ray follow-up: The hot mildly-relativistic cocoon surrounding the jet has energy Ec ∼ ηc(Γjet/Γcoc)(ηjetM disk c 2 ) ≈ 3ηjetM disk c 2 = (5.4 × 10 48 erg)ηjet,−4M disk,−2 and opening angle θcoc = 1/Γcoc = 3θjet, where ηc ∼ 1 is the fraction of the jet energy that is transferred to the cocoon. For typical cocoon parameters: Γcoc = (1/3)Γjet and Ra = 10 8 cm, the prompt emission peak time and luminosity are written using equations (28) and (29) as
The gamma/X-ray follow-up detection rate iṡ ND = (9.00 × 10
where S th,D ∼ 10 −8 − 10 −6 Jy Hz is the bolometric flux threshold in gamma/X-ray bands.
Effect of binary parameters on the EM follow-up rates
Here we study the effect of the BHNS binary parameters (MBH , aBH and NS EoS) on the L peak and t peak values of the EM signals accompanying the GW trigger. We further evaluate the EM follow-up ratesṄEM from the L peak values of different counterparts and for given bolometric sensitivities S th in order to determine the range of binary parameters for which NS tidal disruption is favoured and the accompanying EM signals are detectable with the current telescope sensitivities. Figures 5 and 6 show the effect of binary parameters on the L peak ,ṄEM and t peak values of the EM counterparts for two different cases: (a) less NS disruption for APR4 RNS = 11.1 km, MBH = 8.2 M and aBH = 0.8, and (b) more NS disruption for H4 RNS = 13.6 km, MBH = 7.4 M and aBH = 0.9. For less (more) NS disruption, Mej,tot/Mtot = 1.51% (26.12%) with M ej,dyn /Mtot = 0.01% (6.26%) and M disk /Mtot = 1.50% (19.86%). The dynamical ejecta velocity v ej,dyn = 0.284c (0.275c) for APR4 (H4) EoS and the GW signal detection rateṄGW = 4.208 year −1 (3.774 year −1 ) corresponding to D hor = 693.3 Mpc (668.6 Mpc). The values of the ejecta parameters and the observing band sensitivities are normalized as in Section 5.1 for early time emission and radio afterglow components, and Appendix A for optical afterglow components. The early time EM emission consists of macronova, sGRB jet prompt and cocoon prompt while the late time emission consists of radio and optical afterglows from dynamical ejecta, jet, wind and cocoon components.
The early time sGRB prompt emission lasts for t peak,C = (1.88−1.98)×10
−1 s sec with a peak luminosity L peak,C = (0.27 − 3.40) × 10 48 erg/s in gamma/X-ray and rateṄC = (0.043 − 1.917) year −1 . The cocoon prompt emission peaks around t peak,D = (0.68−2.49)×10
1 s ∼ sec − min with a peak luminosity L peak,D = (1.53 − 8.56) × 10 47 erg/s in gamma/X-ray and rateṄD = (0.111 − 1.471) year −1 . The macronova emission from dynamical ejecta peaks at a later time with t peak,A = (0.21 − 6.55) day ∼ hours − week with a peak optical/IR luminosity L peak,A = (0.28 − 8.25) × 10 41 erg/s and rateṄA = (0.016 − 2.560) year −1 . Although the macronova emission peaks with significantly smaller luminosities compared to both sGRB and cocoon prompt, it has comparable detection rates in the optical/IR bands and is a relatively easy follow-up target due to its peak times of ∼ hours − week.
The late time afterglow emission from the ultra- Figures 7, 8, 9 and 10 show the effect of BHNS binary parameters MBH , aBH and NS EoS on the EM followup rateṄEM for the early-time and late-time EM emissions from the anisotropic sub-relativistic dynamical ejecta, the anisotropic ultra-relativistic sGRB jet, the anisotropic mildly-relativistic cocoon and the isotropic sub-relativistic winds, respectively. The Monte Carlo simulation results are shown for 300 BHNS binaries with gaussian MBH = (7.8 ± 1.2) M , aBH = Uniform(0, 0.9) and APR4/H4 NS EoS. Figure 7 shows the contour plots for the EM followup rates of early-time macronova and late-time radio afterglow emission from the dynamical ejecta for APR4 and H4 NS EoS. For APR4 EoS, the macronova emission with t peak,A ∼ hours − week and optical/IR L peak,A ∼ 10 40 − 10 42 erg/s has a rate of 0.10 Ṅ A/ṄGW 0.28 for 0.75 aBH 0.9 and 5.5 MBH /M 9.5. For the softer H4 EoS, the optical/IR follow-up rate is larger by a factor of ∼ 3 with 0.30 Ṅ A/ṄGW 0.74 for 0.3 aBH 0.9 and 4.5 MBH /M 10 in the region where (MBH /M ) − 10aBH 2.0. The radio afterglow emission from the dynamical ejecta with t peak,B1 ∼ years − decade and L peak,B1r ∼ 10 36 − 10 39 erg/s is considerable for 0.8 aBH 0.9 (0.65 aBH 0.9) and 5.5 MBH /M 9.5 (5.0 MBH /M 10.5) with 0.04 Ṅ B1r /ṄGW 0.11 (0.3 Ṅ B1r /ṄGW 0.82) in the case of APR4 (H4) EoS. The radio follow-up rates for the afterglow emission are significantly larger by a factor of ∼ 7 − 8 for the softer H4 EoS compared to the harder APR4 NS EoS due to more ejecta from NS disruption.
The contour plots for the EM follow-up rates of earlytime prompt and late-time radio afterglow emission from the sGRB jet for APR4 and H4 EoS are shown in figure 8. The jet prompt emission with t peak,C sec and gamma/X-ray L peak,C ∼ 10 47 − 10 48 erg/s has a followup rate of 0.10 Ṅ C /ṄGW 0.30 for 0.75 aBH 0.9 and 5.0 MBH /M 8.0 in case of APR4 EoS. The corresponding rate is larger by a factor of ∼ 2 for H4 NS EoS with 0.20 Ṅ C /ṄGW 0.58 for 0.55 aBH 0.9 and 5.0 MBH /M 9.5 in the region where 17.5aBH − (MBH /M ) 5.5. For APR4 EoS, the jet radio afterglow with t peak,B2 ∼ days − week and L peak,B2r ∼ 10 37 − 10 38 erg/s has follow-up rate 0.01 Ṅ B2r /ṄGW 0.03 for 0.75 aBH 0.9 and 5.0 MBH /M 7.5. However, the radio afterglow follow-up rate for H4 EoS is larger by a factor of ∼ 2 with 0.02 Ṅ B2r /ṄGW 0.06 for 0.5 aBH 0.9 and 5.0 MBH /M 8.5 in the region where 12.5aBH − (MBH /M ) 2.0. Figure 9 shows the EM follow-up rate contour plots for the early-time cocoon prompt and the late-time cocoon radio afterglow for APR4 and H4 NS EoS. For the harder APR4 EoS, the prompt emission with t peak,D ∼ sec − min and gamma/X-ray L peak,D ∼ 10 47 − 10 48 erg/s has rate 0.10 Ṅ D /ṄGW 0.33 for 0.6 aBH 0.9 and 4.5 MBH /M 7.5. As expected, the rate for H4 EoS is larger by a factor of ∼ 2 with 0.20 Ṅ D /ṄGW 0.52 for 0.5 aBH 0.9 and 5.0 MBH /M 9.5 in the region where 12.5aBH − (MBH /M ) 1.5. The cocoon afterglow peaks around t peak,B4 ∼ weeks − month with radio L peak,B4r ∼ 10 37 − 10 39 erg/s and a rate of 0.03 Ṅ B4r /ṄGW 0.10 for 0.7 aBH 0.9, 5.0 MBH /M 8.0 and APR4 EoS. The follow-up rate for H4 EoS is larger by a factor of ∼ 4 − 5 with 0.15 Ṅ B4r /ṄGW 0.42 for 0.5 aBH 0.9 and 5.0 MBH /M 9.5 in the region where 15aBH − (MBH /M ) 3.0.
Lastly, figure 10 shows the contour plots for the followup rates of the wind radio afterglow for APR4 and H4 NS EoS. The wind afterglow emission peaks at a significantly later time t peak,B3 ∼ years − decade and with a small radio luminosity L peak,B3r ∼ 10 32 − 10 34 erg/s. The radio afterglow emission from the wind ejecta component has a negligibly small follow-up detection rate: for APR4 NS EoS, 2.0 × 10 Due to the significantly small L peak,B3r and consequentlyṄB3r, any subsequent radio follow-up of GW triggers using wind afterglow emission is extremely difficult with the current telescope sensitivities (see Table 2 ).
DISCUSSIONS AND CONCLUSIONS
In this paper, we studied the effect of BHNS binary parameters on the properties of the ejected material as well as their associated EM emission. The tidal disruption of the NS and the outcome of the subsequent BHNS merger are primarily determined by MBH , aBH and the EoS of the in-falling NS. While the majority of the tidally disrupted NS mass gets directly accreted onto the BH on short viscous timescales, a considerable fraction of the ejecta with mass M disk forms a remnant disk around the BH as the remaining ejecta material with mass M ej,dyn becomes gravitationally unbound from the compact remnant. We consider MBH and aBH distributions motivated from transient LMXB observations in order to estimate the ejecta masses M disk and M ej,dyn . We find that M disk and M ej,dyn are practically unaffected by the specific MBH distribution considered, provided that the mean BH masses are similar whereas both the ejecta masses increase with the increase in BH spin magnitude. The ejecta masses are expectedly larger for the softer H4 NS EoS due to larger disruption.
We obtain the aLIGO design strain sensitivity as a function of detection frequency to estimate the detection horizon volume and thereby the event detection rates for a given BHNS binary using the coalescence rates from population synthesis models. Although the GW event detection rates can vary by about three orders of magnitude around the mean value depending on the poorly constrained BHNS coalescence rate, the mean rateṄGW ∼ 4 year −1 is practically independent of the choice of MBH and aBH distributions and is unaffected by the NS EoS. In addition to being promising sources of GWs detectable by aLIGO, BHNS binaries are expected to have significant EM emission providing further information about the properties of the ejecta material as well as the post-merger remnant.
We discuss the possible EM counterparts for these BHNS mergers and estimate their peak emission parameters. The EM emission is primarily due to four ejecta components: the ultra-relativistic sGRB jet, the mildlyrelativistic cocoon, the sub-relativistic dynamical ejecta and the sub-relativistic magnetic/viscous/neutrino-driven winds. The early-time emission consists of the jet prompt, cocoon prompt and macronova whereas the late-time emission comprises of synchrotron afterglow from the jet, cocoon, dynamical ejecta and the wind. In contrast to the isotropic emission from the wind, the emissions from the jet, cocoon and dynamical ejecta components are expected to be fairly anisotropic.
The low latency EM follow-up observations of GW triggers helps us in constraining the EoS of neutron degenerate matter and jet+ejecta properties post-merger in addition to improving the source localisation. The EM follow-up volume in all observing bands is restricted to the GW detection horizon volume dictated by the aLIGO sensitivity and makes it easier for the transient search in a smaller sky area compared to the blind surveys. We perform Monte Carlo simulations for 300 BHNS binaries with gaussian MBH = (7.8±1.2) M and aBH = Uniform(0, 0.9) distributions and APR4/H4 NS EoS in order to estimate the follow-up rates of the EM counterparts in terms of the binary parameters. As expected, the EM follow-up rates for the softer H4 NS EoS are larger compared to the corresponding rates for APR EoS by a factor of ∼ 2 − 3 and ∼ 2 − 7 for early-time and late-time emissions, respectively. Almost all EM counterparts are detectable for typically small MBH and large aBH leading to significant NS disruption and subsequent stronger EM emission from the ejecta material. The wind afterglow detectability is especially challenging with the current radio telescope sensitivities due to the small isotropic luminosity of this subrelativistic component.
Below we summarize the main results of this work: (i) The mass ejected in a BHNS merger event is primarily determined by the binary parameters: mass ratio q = MBH /MNS, magnitude of aBH , and RNS based on the NS EoS. We find that both Mej,tot and M ej,dyn increase as NS disruption increases with a decrease in MBH (regardless of the choice of the distribution, provided the mean mass is similar), increase in aBH and softer NS EoS (see Figures 2 and 3) . Due to the smaller dynamical ejecta masses and merger rates for typical BHNS mergers compared to BNS mergers, the BHNS mergers are estimated to synthesise only about 0.1% of the total r-process elements found in the universe. The ultra-relativistic sGRB jet, the mildlyrelativistic cocoon, the sub-relativistic dynamical ejecta and the sub-relativistic magnetic/viscous/neutrino-driven winds are the different BHNS merger ejecta components, each associated with some early-and/or late-time EM emission. Figure 1 shows a schematic sketch of all the ejecta components along with their characteristic emission and Table 1 lists their properties.
(ii) For the typical ejecta parameters and range of BHNS binary parameters allowing NS disruption (see Figures 5 and 6 ), we estimate the EM peak luminosities and emission timescales for both early-and late-time emissions. The early-time emissions are in chronological order:
1. sGRB jet prompt emission in gamma/X-ray (ν obs ∼ 10 20 Hz) with t peak,C sec and L peak,C ∼ 10 47−48 erg/s until t min and ∝ (t/min) −3 afterwards, 2. cocoon prompt emission in gamma/X-ray with t peak,D ∼ sec − min and L peak,D ∼ 10 47−48 erg/s until t ≈ t peak,D and ∝ (t/t peak,D ) −1 at later times, 3. macronova emission in optical/IR (ν obs ∼ 5 × 10 5 GHz) with t peak,A ∼ hours − week and L peak,A ∼ 10 40−42 erg/s until t ≈ t peak,A and ∝ (t/t peak,A ) −1.3 later. The corresponding order for the late-time radio synchrotron afterglow emissions with ν obs ∼ 1 GHz is:
1. jet afterglow with t peak,B2 ∼ days − week and L peak,B2 ∼ 10 37−39 erg/s. L(t) ∝ (t/t peak,B2 ) 3 for t t peak,B2 whereas LB2(t) ∝ (t/t peak,B2 ) −1 for t > t peak,B2 , 2. cocoon afterglow with t peak,B4 ∼ weeks − month and L peak,B4 ∼ 10 37−40 erg/s. The cocoon luminosity steadily increases as ∝ (t/t peak,B4 ) 3 for t t peak,B4 and drops as ∝ (t/t peak,B4 ) −1.5 at later times, 3. dynamical ejecta afterglow with t peak,B1 ∼ years − decade and L peak,B1 ∼ 10 36−39 erg/s, 4. wind afterglow with t peak,B3 ∼ years − decade and L peak,B3 ∼ 10 32−35 erg/s. The afterglow luminosity for the sub-relativistic dynamical ejecta and wind components are expected to increase as t 3 upto t ≈ t peak and then reduce as t −1.65 at later times. (iii) We estimate the follow-up detection rates of all early-and late-time EM counterparts for representative bolometric sensitivities: optical/IR S th ∼ 2 × 10 −14 Jy Hz, gamma/X-ray S th ∼ 10 −7 Jy Hz and radio S th ∼ 3 × 10 −17 Jy Hz (see Figures 7-10, A1 and A2). We find that the early-time sGRB prompt gamma/X-ray, cocoon prompt gamma/X-ray and macronova optical/IR follow-up rates areṄC ∼ (0.1 − 0.6)ṄGW ,ṄD ∼ (0.1 − 0.5)ṄGW , andṄA ∼ (0.1 − 0.7)ṄGW , respectively, for BH mass range 5.0 M MBH 9.0 M and spin range 0.6 aBH 0.9. The late-time synchrotron afterglow radio follow-up rates for the jet, cocoon, dynamical ejecta and wind ejecta components areṄB2r ∼ (0.01 − 0.06)ṄGW , NB4r ∼ (0.03 − 0.42)ṄGW ,ṄB1r ∼ (0.04 − 0.82)ṄGW , andṄB3r ∼ (0.2 − 1.0) × 10 −8Ṅ GW , respectively, for 5.0 M MBH 8.5 M and 0.6 aBH 0.9. (iv) The low-latency EM follow-up rateṄEM ∝ L 3/2 peak (from equation 31) for each counterpart. Based on the follow-up rates for 5 M MBH 9 M and 0.6 aBH 0.9, the relative ease of follow-up of BHNS EM counterparts for typical ejecta parameters and telescope band sensitivities is in the order: macronova (optical/IR) ejecta afterglow (radio) > jet prompt (gamma/X-ray) ≈ cocoon prompt (gamma/X-ray) > cocoon afterglow (radio) > jet afterglow (radio) >> wind afterglow (radio).
APPENDIX A: OPTICAL AFTERGLOW EMISSION DETECTION RATES
Here we estimate the optical afterglow emission follow-up rates for the ultra-relativistic jet, the mildly relativistic cocoon, the sub-relativistic dynamical ejecta and the wind. As in Section 5.1, we assume n = 1 cm −3 , e = B = 0.1 and p = 2.5 for all ejecta components. We use ν obso = 5 × 10 5 GHz as the observing frequency in the optical band.
• Dynamical ejecta:
For the anisotropic sub-relativistic dynamical ejecta with θ ej,dyn ∼ 0.1745 and φ ej,dyn ∼ π, the peak luminosity for the optical afterglow emission is obtained from equation (24) L peak,B1o = (3.38 × 10 38 erg/s)M 
where ν obso,GHz = ν obso /(1 GHz). The optical follow-up rate for ν obso,GHz = 5 × 10 5 is theṅ where S th,Bo ∼ 10 −15 − 10 −13 Jy Hz is the optical band bolometric sensitivity (see Table 2 ).
• sGRB jet:
For the anisotropic emission from the ultra-relativistic jet with Γjet ∼ 10, θjet = 1/Γjet and φjet = 2π, the optical afterglow peak luminosity is given by As in the case of the radio afterglow component, the optical follow-up of wind afterglow emission is considerably difficult owing to the smallṄB3o for the typical wind ejecta parameters and current telescope sensitivities.
• Cocoon:
For the mildly relativistic cocoon with vcoc ≈ c, the peak optical afterglow luminosity for the anisotropic emission with θcoc = 1/Γcoc = 3θjet and φcoc = 2π is written from equa- We study the effect of binary parameters on the optical follow-up rates of the afterglow emission from each ejecta component using Monte Carlo simulations for 300 BHNS binaries with gaussian MBH = (7.8 ± 1.2) M , aBH = Uniform(0, 0.9) and APR4/H4 NS EoS. Figure A1 shows the contour plots for the optical followup rates of the afterglow emission from the dynamical ejecta and sGRB jet for APR4/H4 NS EoS. For APR4 (H4) EoS, the dynamical ejecta optical afterglow emission with t peak,B1 ∼ years − decade and L peak,B1o ∼ 10 37 − 10 39 erg/s has a follow-up rate 0.007 Ṅ B1o/ṄGW 0.020 (0.028 Ṅ B1o/ṄGW 0.075) for 0.8 aBH 0.9 (0.6 aBH 0.9) and 5.5 MBH /M 11.0 (5.0 MBH /M 10.5). The optical follow-up rate for APR4 EoS is larger by a factor of ∼ 4 compared to H4 EoS due to more ejecta material. For APR4 EoS, the relativistic jet afterglow with t peak,B2 ∼ days − week and L peak,B2o ∼ 10 38 −10 39 erg/s has an optical follow-up rate 0.03 Ṅ B2o/ṄGW 0.08 for 0.5 aBH 0.9 and 5.0 MBH /M 8.0. The corresponding rate is similar for H4 EoS with 0.045 Ṅ B2o/ṄGW 0.125 for 0.5 aBH 0.9 and 5.0 MBH /M 9.0 in the region where 12.5aBH − (MBH /M ) 1.5.
The contour plots for the follow-up rates of the optical afterglow emission from the cocoon and wind for APR4/H4 NS EoS are shown in Figure A2 . The cocoon afterglow with t peak,B4 ∼ weeks − month and L peak,B4o ∼ 10 38 −10 40 erg/s has an optical follow-up rate 0.10 Ṅ B4o/ṄGW 0.30 with 0.75 aBH 0.9 and 5.0 MBH /M 8.5 for APR4 EoS. For H4 EoS, the optical follow-up rate is larger by a factor of ∼ 2 − 3 with 0.30 Ṅ B4o/ṄGW 0.77 for 0.4 aBH 0.9 and 5.0 MBH /M 10.0 in the region where (MBH /M ) − 11.25aBH 0.5. The afterglow emission from the wind with t peak,B3 ∼ years − decade and optical luminosity L peak,B3o ∼ 10 34 − 10 35 erg/s has a small follow-up rate 0.50 × 10 for 0.6 aBH 0.9, 5.0 MBH /M 8.0 and APR4 NS EoS. For the softer H4 EoS, the corresponding rate is also considerably small with 0.80 × 10 −7 Ṅ B3o/ṄGW 2.25 × 10 −7 for 0.5 aBH 0.9 and 5.0 MBH /M 9.0 in the region where 12.5aBH − (MBH /M ) 1.5. As in the case of radio follow-up of wind afterglows, the rates for optical follow-up are also very small making their detection challenging. 
